Reducing excessive fresh gas flow rates (FGF) is an established and simple strategy to reduce the administration of volatile anaesthetic agents. We studied clinicians' FGF use to understand better why two previous clinical trials achieved significant reductions in FGF by using feedback to anaesthetists. Anaesthesia information management system data from a US academic medical centre were analysed retrospectively. One year of data starting from July 2008 had 11,170 cases. Fresh gas flow rates were measured each minute during cases.
Weinberg et al recently published an observational study of volatile anaesthetic usage over a decade at an Australian hospital 1 . During that period, the total inflation-adjusted cumulative costs tripled. Their report demonstrated cost reduction from reducing anaesthesia fresh gas flow rates (FGF). Their Discussion and Conclusions focus on the benefits of reducing FGF 1 .
The previous clinical trials of feedback to reduce FGF achieved statistical significance 1,2 . Lubarsky et al used anaesthesia information management system data to send a monthly email to each anaesthetist with his or her individual mean FGF during the interval when a volatile anaesthetic was administered 2 . The email included a comparison to peers' overall mean FGF 2 . Following this intervention, the overall FGF for the department was reduced by approximately 15%. Body et al used a single paper letter from the department chair to each anaesthetist with his or her individual mean FGF and comparison to peers' overall mean. The single letter reduced overall FGF during the next two months by approximately 26%.
Why both trials were successful at reducing FGF is unclear. We used observational data to test three hypotheses of anaesthetists' FGF use.
Implementation of an email feedback program to anaesthetists about their FGF requires choosing wording for the target. Although both of the clinical trials used 1 l/minute as the target for desflurane and isoflurane, wording differed. Lubarsky et al used "FGF greater than 1 l/minute should not be required". Body et al used "to reduce FGF to 1 l/minute". The former does not specify the appropriate FGF, just a maximum, whereas the latter specifies the FGF. Our Hypothesis 1 was that since both studies achieved
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Target FGFs need to be chosen. Both clinical trials used the same 1 l/minute target FGFs for desflurane and isoflurane, but Body et al used a different (2 l/minute) target for sevoflurane 2, 3 . The investigators knew their clinicians' patterns of usage when creating the target FGFs. Thus, our Hypothesis 2, based on the previous trials 2, 3 , was that the target FGFs for desflurane and isoflurane can be similar, but that for sevoflurane may need to be higher.
Feedback can be emailed to all anaesthetists or only to the few outliers. Both clinical trials targeted all anaesthetists 2, 3 . Suppose that during maintenance of anaesthesia each anaesthetist typically uses nearly the same FGF for all of his/her patients, most anaesthetists run close to target flows, but a few run very high FGF. Then, potentially the same overall reduction in FGF could be achieved at less organisational cost by contacting the few anaesthetists with very high FGF. We used anaesthesia information management system data to quantify standard deviations among anaesthetists versus among each anaesthetist's cases. Our Hypothesis 3 was that the standard deviation in FGF among anaesthetists is low both in absolute terms (l/minute) and relative to the mean FGF (i.e. that all anaesthetists need to receive email feedback). The reason for our third hypothesis was log (fresh gas flows) from 800 to 8000 ml/min Figure 1 : Cumulative probability distribution of the litres of fresh gas flow rates (FGF) for desflurane, isoflurane and sevoflurane. The total "litres of FGF during the study year" listed in the second row of numbers in Table 1 , are displayed in the figure as 100%. Less than 1% of total FGF during the year is attributable to FGF less than 0.8 l/minute (2.9 on log 10 axis) or larger than 8.0 l/minute (3.9 on log 10 axis).
that the previous investigators provided feedback to all anaesthetists 2, 3 . Although unstated, if the investigators had observed large variability among anaesthetists, they would have designed their clinical trials differently.
METHODS
Our study was performed as a quality improvement project. Publication of the results was approved by the Thomas Jefferson University Institutional Review Board.
One year of anaesthesia information management system data from July 2008 through June 2009 were analysed retrospectively. We chose one academic year so that resident physicians at all levels of training would be present throughout the data period. At the time of the audit, there were no targeted FGF guidelines in the department and no systematic feedback to anaesthetists. From among the 21,793 cases, 9111 were excluded as there was either no volatile anaesthetic or more than one volatile anaesthetic administered. An additional 2059 cases were excluded due to overlapping reasons such as the absence of an ETT or LMA, no documented start or end of surgery, presence of cardiopulmonary bypass and age less than 12 years. This left 11,170 cases for analysis. The Apollo and Tiro anaesthesia machines use electronic sensors to measure the FGF separately in l/minute of air, N 2 O, and O 2 (Dräger Medical, Telford, PA, USA). The median value over the prior minute was recorded automatically to the Innovian database (Dräger Medical) for each gas every minute. The total volume of FGF was calculated by summing the FGF over the interval from the start to the end of surgery. Hypotheses 1 and 2 were examined by creating frequency distributions of the FGF 1 . These are shown in Figure 1 .
Hypothesis 2 was also tested by using linear mixed effects modelling controlling for anaesthetist (SYSTAT 12, Systat Software, Inc., San Jose, California, USA). The overall mean FGF for each case was taken as the ratio of the case's total FGF over the interval from the start to end of surgery to the case's minutes from the start to the end of surgery. The assessment of proportional effects among anesthetists and volatile anesthetics was performed by using the log 10 (mean FGF for each case). Hypothesis 3 was tested similarly using variance components analysis. Effect size in millilitres was calculated as the reduction in the Monte-Carlo simulated standard deviation by excluding the anaesthetist's source of variation.
RESULTS

Hypothesis 1
Anaesthetists were more likely than random to choose FGF of multiples of 1 l/minute and 0.5 l/minute (Table 1 ). However, the differences were too small to be of economic or psychological importance ( Table 1) .
Hypothesis 2
The cumulative distributions of total FGF were far less for desflurane and isoflurane than for sevoflurane ( Figure 1) . Controlling for anaesthetist, the mean desflurane FGF averaged 26% less than the sevoflurane FGF (t=-25.7, P <0.0001); the isoflurane FGF averaged 24% less than the sevoflurane FGF (t=-17.7, P <0.0001); and the desflurane FGF and the isoflurane FGF were not significantly different (t=-1.7, P=0.21).
Hypothesis 3
Even if all anaesthetists had identical mean FGF, the standard deviations of FGF among cases would be reduced by less than 0.1 l/minute for all anaesthetics ( Table 2 ). These reductions in the standard deviations were no more than 5% of the corresponding mean FGF ( Table 2) . For desflurane and isoflurane, FGFs exceeding 1 l/minute but less than 3 l/minute accounted for 75% of the total FGF (Table 1) .
DISCUSSION
To implement email feedback on FGF, multiple decisions for implementation must be made and for which the clinical trials are silent 2,3 . The prior studies revealed magnitudes of benefit 2,3 , but limited psychological insight. The implications of our three hypotheses are as follows: 1) Precise wording of the target FGF is likely to be irrelevant; 2) Target FGF can be the same for desflurane and isoflurane, but may need to be different for sevoflurane due to local recommendations for minimum FGF; 3) Most of the achievable reductions in FGF are small reductions in FGF for the many cases with <3 l/minute.
The provision of FGF feedback is warranted because the cost of building queries to extract FGF data from an anaesthesia information management system and send emails is negligible (e.g. eight hours of programmer time) relative to cost reductions (e.g. A$250,000 from Weinberg et al 1 or US$130,000 from Kennedy and French 4 ). Society also benefits from reduction in fluorocarbon pollution.
We limited our findings to consideration of relative FGF among volatile anaesthetics and/or anaesthetists. This was important because absolute FGFs vary among anaesthetists ( Table 2) and hospitals [2] [3] [4] . We limited the study to adults to avoid the impact of FGF during inhalational inductions in children. Thus, our results probably do not apply to paediatric practice. Finally, we did consider the choice of anaesthetic because others 1 and we 1,2 did so last year. Isoflurane has the lowest pharmacy cost whether per bottle, hour, case etc 1 . Desflurane has the quickest and least variable extubation times 5, 6 which can reduce labour costs in rooms with eight hours or more of cases [1] [2] [3] [4] . Sevoflurane has restrictions on minimum FGF in some countries.
Our study was possible because the FGFs were recorded electronically from the anaesthesia machines' flow meters at one minute intervals. The previous studies 2,3 were limited by the technology available when performed. In Lubarsky et al the FGF was recorded manually by the anaesthetist in the electronic medical record and then all values were extracted electronically for analysis 1 . In Body et al the FGF was recorded manually by the anaesthetist in paper records and then the single FGF at the temporal midpoint of the case was analysed. Although both methodologies were suitable to learn by how much FGF can be reduced, using newer methodology we could gain mechanistic insight.
